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Introduction
Gene-based health diagnostics of marine mammals afford opportunity for improved assessment of health not only in individuals or populations but also potentially in ecosystems (Acevedo-Whitehouse & Duffus 2009). Marine mammals are widely recognized as keystone species in nearshore and oceanic ecosystems with social appeal as highly popular, viewable wildlife. Further, marine mammals are generally apex predators in food webs and as such their health and abundance depend upon the productivity and diversity of species at lower trophic levels. Concurrently, predation by marine mammals can directly or indirectly affect ecosystem structure and function, in some cases influencing entire landscapes and associated patterns of biodiversity (Estes 2009; Terborgh & Estes 2010; Estes et al. 2011) . The sea otter, Enhydra lutris, which is a textbook example of a keystone predator that can exert profound effects on multiple trophic levels of nearshore communities (Estes & Duggins 1995) , is susceptible to a variety of ecological and environmental stressors (Estes et al. 1997; Johnson et al. 2009 ). Consequently, wide spectrum, diagnostic evaluation into the health of sea otters can serve as an indication of overall ecosystem health and stability.
Despite the urgent need for ecological studies of marine mammal health including mechanisms of disease resistance (Harvell et al. 1999) , the development of molecular genetic information or tools for biomedical research in marine mammals has been slow compared with human or domestic veterinary medicine (Mancia et al. 2008 ). However, applying contemporary gene transcript analysis to identify genomic response to environmental stress or disease has the potential to transform marine mammal diagnostics (Burczynski et al. 2000; Bartosiewicz et al. 2001) . Advanced technologies, based and developed upon the well-studied biomedical models of human physiology and disease, are aiding researchers with cutting-edge diagnostic tools for both domestic and wildlife veterinary applications (Burczynski et al. 2000; Bartosiewicz et al. 2001; Bowen et al. 2007; Sitt et al. 2008) .
The advantage of using gene transcript analysis in marine mammal diagnostics lies in the capacity to measure physiologic responses (acute or chronic) of an individual to environmental stressors; the earliest observable signs of health impairment are altered levels of gene transcripts, evident prior to clinical manifestation (McLoughlin et al. 2006) . Consequently, clinical application of quantitative gene transcript analysis technology will provide an invaluable addition to current approaches for monitoring indications of potential health impairment (McLoughlin et al. 2006) . However, a key requirement for clinical application of gene transcript technology is the establishment of a normal or 'reference' range of values, distinguishing between natural variation in gene transcript levels among healthy subjects and changes associated with compromised health (McLoughlin et al. 2006) . Reference ranges for gene transcript analysis in wildlife populations are lacking (Mancia et al. 2008; Sitt et al. 2008) .
Herein, we describe the development of species-specific quantitative real-time polymerase chain reaction (qPCR) assays to measure differential transcript levels of multiple genes in the sea otter, and subsequent establishment of a 'reference' range for each of 10 genes of interest in peripheral blood leucocytes. The genes described are fundamental to mediation of detoxification and immune function (Schwartz et al. 2004a,b) , cellular injury (Ghanem et al. 2006) , signal transduction (Burchiel & Luster 2001) , xenobiotic metabolism (Schwartz et al. 2004a,b) or tumorigenesis (Ramesh et al. 2004) (Table 1) . Such an evaluation of gene transcript levels in sea otters can provide insight into their physiological response to different suites of environmental or disease stressors and may act as an indicator of immune impairment in individuals as well as populations.
The development of the sea otter-specific gene transcription-based diagnostic panel was prefaced by a study of ranch mink (Mustela vison) as a model for petroleum oil exposure in mustelids (Bowen et al. 2007) . In that study, the pathophysiologic effects of oil exposure impacted multiple organ systems and multiple physiological pathways in the mink. Bowen et al. (2007) demonstrated that characteristic and specific patterns of gene transcription were reflective of oil exposure and concurrently provided a basis for evaluating general immunologic vigour and health of free-ranging sea otter populations. Phenotypic evidence of xenobiotic effects on sea otters generally has been slow to emerge. Moreover, field diagnoses by wildlife veterinarians provide only a rough assessment of overall wildlife health, particularly in remote locations where time-sensitive or methodintensive laboratory testing is not possible. Measurement of differential transcription of a selected suite of genes potentially can provide an early warning of compromised health and related environmental stressors in free-ranging animals.
Materials and methods

Captive otters
Seventeen blood samples from captive sea otters (Enhydra lutris) were obtained from the Monterey Bay Aquarium (Monterey, CA, USA), Shedd Aquarium (Chicago, IL, USA), Oregon Coast Aquarium (Newport, OR, USA) or the Vancouver Aquarium (Vancouver, BC, Canada) in 2008, 2009 and 2010 (Table 2 ). These animals were identified as clinically normal by staff veterinarians at these aquaria during the time interval preceding blood collection.
Free-ranging otters
Sea otters were captured in Alaska, along the south-western Alaska Peninsula (n = 25; summer 2009; Table 2 ). Sea otters were captured using Wilson traps (Wendell et al. 1996) or tangle nets, transported immediately to a shipboard station, immobilized with fentanyl citrate and midazolam hydrochloride and processed (Monson et al. 2001) . All captured sea otters were determined to be clinically normal by the attending veterinarian at the time of capture. None of the otters, captive or free-ranging, was pregnant at the time of sampling.
Blood collection and RNA extraction
A 2.5 mL sample from each sea otter was drawn directly into a PAXgeneÔ blood RNA collection tube (PreAnalytiX, Switzerland) from either the jugular or popliteal veins and then frozen at )20°C until extraction of RNA. Rapid RNA degradation and induced transcription of certain genes after blood draws has led to the development of methodologies for preserving the RNA transcription profile immediately after blood is drawn. The PAXgeneÔ tube contains a blend of RNA-stabilizing reagents that protect RNA molecules from degradation by RNases and prevent induction of gene transcription. Without this stabilization, copy numbers of individual mRNA species in whole blood can change more than 1000-fold during storage and transport. The RNA from blood in PAXgeneÔ tubes was isolated according to manufacturer's standard protocols, which included an on-column DNase treatment to remove contaminating gDNA (silica-based microspin technology), and the extracted RNA stored at )80°C until analysis.
cDNA creation
A standard cDNA synthesis was performed on 2 lg of RNA template from each animal. Reaction conditions included four units reverse transcriptase (Omniscript Ò ;
Qiagen, Valencia, CA, USA), 1 lM random hexamers, 0.5 mM each dNTP and 10 units RNase inhibitor, in RT buffer (Qiagen). Reactions were incubated for 60 min at 37°C, followed by an enzyme inactivation step of 5 min at 93°C, and then stored at )20°C until further analysis.
PCR primers
Degenerate primers were designed based upon multispecies alignments (GenBank) as previously described (Bowen et al. 2007) . Briefly, degenerate primer pairs developed for the American mink (Neovison vison) (Bowen et al. 2007) were utilized on cDNA from three randomly selected sea otter samples. Degenerate primer pairs were designed to amplify 10 genes of interest and one ribosomal or housekeeping gene (Bowen et al. 2007) . PCR amplifications using these primers were performed (Bommer & Thiele 2004; Tuynder et al. 2004; Ma et al. 2009 ). Up-regulation of HDC is indicative of the development or existence of cancer. Environmental triggers may be responsible for population-based up-regulation of HDC. HDC transcription is known to increase with exposure to carcinogenic compounds such as polycyclic aromatic hydrocarbons (Bowen et al. 2007; Raisuddin et al. 2007; Zheng et al. 2008 ).
COX2
Cyclooxygenase-2 catalyses the production of prostaglandins that are responsible for promoting inflammation (Goldsby et al. 2003) . Cox2 is responsible for the conversion of arachidonic acid to prostaglandin H2, a lipoprotein critical to the promotion of inflammation (Harris. et al. 2002) . Up-regulation of Cox2 is indicative of cellular or tissue damage and an associated inflammatory response.
CYT
The complement cytolysis inhibitor protects against cell death (Jenne & Tschopp 1989 (Quintana et al. 2008; Veldhoen et al. 2008 ).
THR
The thyroid hormone receptor beta can be used as a mechanistically based means of characterizing the thyroid-toxic potential of complex contaminant mixtures (Tabuchi et al. 2006) . Thus, increases in THR transcription may indicate exposure to organic compounds including PCBs and associated potential health effects such as developmental abnormalities and neurotoxicity (Tabuchi et al. 2006) . Hormone-activated transcription factors bind DNA in the absence of hormone, usually leading to transcriptional repression (Tsai & O'Malley 1994) .
HSP 70
The heat shock protein 70 is produced in response to thermal or other stress (Iwama et al. 1999; Tsan & Gao 2004) . In addition to being expressed in response to a wide array of stressors (including hyperthermia, oxygen radicals, heavy metals and ethanol) heat shock proteins act as molecular chaperones (De Maio 1999) . For example, heat shock proteins aid the transport of the AHR ⁄ toxin complex in the initiation of detoxification (Tanabe et al. 1994 ).
IL-18
Interleukin-18 is a pro-inflammatory cytokine (Goldsby et al. 2003) . Plays an important role in inflammation and host defence against microbes (Krumm et al. 2008 ).
IL-10
Interleukin-10 is an anti-inflammatory cytokine (Goldsby et al. 2003) . Levels of IL-10 have been correlated with relative health of free-ranging harbour porpoises, e.g. increased amounts of IL-10 correlated with chronic disease whereas the cytokine was relatively reduced in apparently fit animals experiencing acute disease (Beineke et al. 2007 ). Association of IL-10 transcription with chronic disease has also been documented in humans (Rigopoulou et al. 2005) . DRB A component of the major histocompatibility complex, the DRB class II gene, is responsible for the binding and presentation of processed antigen to T H lymphocytes, thereby facilitating the initiation of an immune response (Goldsby et al. 2003; Bowen et al. 2006) . Up-regulation of MHC genes has been positively correlated with parasite load (Wegner et al. 2006) , whereas down-regulation of MHC has been associated with contaminant exposure (Dong et al. 1997 ).
Mx1
The Mx1 gene responds to viral infection (Tumpey et al. 2007) . Vertebrates have an early strong innate immune response against viral infection, characterized by the induction and secretion of cytokines that mediate an antiviral state, leading to the up-regulation of the MX-1 gene (Kibenge et al. 2005 
Real-time PCR
Real-time PCR systems for the individual, sea otter-specific housekeeping gene (S9) and genes of interest were run in separate wells. Briefly, 1 lL of cDNA was added to a mix containing 12.5 lL of QuantiTect SYBR Green Ò Master Mix [5 mM Mg 2+ ] (Qiagen), 0.5 lL each of forward and reverse sequence-specific primers, 0.5 lL of Uracil-N-Glycosylase (Invitrogen, Carlsbad, CA, USA) and 10.0 lL of RNase-free water; total reaction mixture was 25 lL. The reaction mixture cDNA samples for each gene of interest and S9 were loaded into 96-well plates in duplicate and sealed with optical sealing tape (Applied Amplifications were conducted on a 7300 real-time thermal cycler (Applied Biosystems). Reaction conditions were as follows: 50°C for 2 min, 95°C for 15 min, 40 cycles of 94°C for 30 s, 58°C for 30 s, 72°C for 31 s, an extended elongation phase at 72°C for 10 min. Reaction specificity was monitored by melting curve analysis using a final data acquisition phase of 60 cycles of 65°C for 30 s and verified by direct sequencing of randomly selected amplicons (Bowen et al. 2007) . Cycle threshold crossing values (C T ) for the genes of interest were normalized to the S9 housekeeping gene.
Statistical analysis
Analysis of qPCR data were conducted using normalized values (housekeeping gene threshold crossing subtracted from the gene of interest threshold crossing); the lower the normalized value, the more transcripts are present. A change in normalized value of 2 is approximately equivalent to a fourfold change in the amount of the transcript.
Commonly used parametric tests to distinguish differential gene transcription among populations are based partly on the assumption that the values being compared were sampled from normally distributed populations. We tested the assumption that transcript levels of our genes of interest were log-normally distributed, to use such tests for detection of disease or environmental stressors (McLoughlin et al. 2006) . Geometric means and 95% upper and lower confidence limits were computed, and Anderson-Darling and Shapiro-Wilk tests for normality were performed for all genes (NCSS, Statistical and Power Analysis Software, UT, USA).
Results
Sea otter-specific qPCR primers for the 10 genes of interest determined from captive and free-ranging sea otters are defined in Table 3 . Most genes had transcript values following normal distributions; complement cytolysis inhibitor gene was the exception (Table 4) . The cyclooxygenase-2 gene most closely followed a normal distribution of normalized values, with a Shapiro-Wilk P value of ‡0.58. All genes had unimodal distributions; the deviations from normality involved small degrees of left skewness. Additionally, the 95% confidence intervals were Published 2011. This article is a US Government work and is in the public domain in the USA independent of the mean normalized values, indicating that the dynamic ranges did not depend upon a gene's transcript level (Fig. 1) . Moreover, normalized values did not differ between groups.
Discussion
Our study describes the first leucocyte gene transcript data for sea otters and represents the necessary first step towards establishing normal reference ranges for these genes. Acquisition of a blood leucocyte transcript profile has the potential to identify stressed or diseased animals prior to the onset of clinical signs. The genes targeted in our study were largely selected based upon a suite of genes transcripts previously demonstrated to be significantly altered in American mink that were experimentally exposed to crude oil (Bowen et al. 2007 ). This gene transcript profile included a combination of immune response genes with potential to be modified by biological, physical or anthropogenic injury and consequently provide information on the type and magnitude of stressor present in the animal's environment. The results of our study demonstrate that establishment of gene transcript profiles in peripheral blood samples has the potential to extend diagnostic capabilities beyond those currently available to assess the health of sea otters, both individually and as populations. Traditional evaluation of the health status of a sea otter is based upon a combination of the animal's history, physical examination and clinical pathology data. For free-ranging sea otters, there is likely to be little historical data available, whereas captive sea otters are accompanied by an extensive set of historical data, including diet records and behavioural information, as well as the results of previous physical examinations and laboratory evaluations.
The inherently aggressive nature of even 'tame' captive sea otters precludes a thorough physical examination without adequate chemical immobilization. In most cases, a combination of fentanyl citrate and midazolam hydrochloride administered intra-muscularly provides the degree of sedation necessary to perform a thorough physical examination and collect the suite of biomedical samples required for health assessment (Monson et al. 2001) . The physical examination is a complete 'nose-totoes' examination commensurate with similar procedures in domestic carnivores. While there are a number of idiosyncrasies in sea otter anatomy and physiology, their interpretation in the process is readily accomplished by veterinarians experienced in sea otter medicine. In most cases, the minimum clinical pathology database includes a complete blood count (CBC), serum chemistry panel, and, if available, urinalysis. Clinical pathology data are evaluated in conjunction with the history and physical examination findings and compared with published reference ranges (Williams 1983 (Williams , 1992 Ballachey et al. 2003) .
Determination of 'normal' or 'healthy' in any animal, particularly wildlife, is problematic. In general, this determination is a relative one, with the findings in one individual being compared and contrasted with reference standards developed from similar populations. Despite the publication of several sets of reference ranges for sea otter CBC ⁄ serum chemistry data, one might anticipate potential differences between various wild populations, captive animals, as well as a number of 'normal' physiologic differences attributable to sex, age and reproductive state (Walton 2001) . For that reason, clinical pathology data tend to be interpreted more conservatively than physical examination findings.
Establishment of a normal reference range for gene transcript panels is critical for use in wildlife and ecosystem health monitoring (Mancia et al. 2008) . Variation in gene transcripts does occur in healthy individuals and can be attributed to both intrinsic and extrinsic factors (McLoughlin et al. 2006) . Additionally, some of the apparently healthy otters in this study may have included individuals with illness at subclinical detection levels. However, variation in transcripts from our reference otters is small. Considering the number of factors that can affect the transcription of genes in a healthy population (McLoughlin et al. 2006) , it is remarkable that the overall dynamic range of transcription was not wider than observed in the current study.
Our results represent a foundation upon which diagnostic panels can be developed for use in the analysis of sea otter population health and response to external stimuli. Such an approach will enhance the sensitivity and Table 1 .
Published 2011. This article is a US Government work and is in the public domain in the USA value of the sea otter as a sentinel species for marine ecosystem health.
